materials to achieve extreme overhangs, and are limited by trade-offs between the speed of printing and the minimum feature sizes and surface roughness. [8, 9] In contrast, "2D printing" techniques (such as digital printing and screen printing) are rapid, relatively inexpensive, and routinely achieve sub-millimeter feature sizes.
The study of structural elastic instabilities in soft materials has experienced a resurgence in interest, in part, due to studies of buckling. [25] [26] [27] [28] [29] [30] Buckling of rigid materials (metals, concrete, etc.) usually leads to permanent damage, and is thus usually regarded as a mechanism of failure in structural materials. [31] Buckling of soft materials (elastomers, foams, some gels, etc.), however, leads to quite different outcomes if it is largely or exclusively reversible on removal of the force that caused it to buckle. [32] [33] [34] These elastic instabilities offer a new form of actuation. For example, buckling, as a design principle, has been used to actuate soft robots, [33, 34] to make tunable metamaterials, [35] [36] [37] to fabricate complex micro/nanomaterials, [38] [39] [40] [41] [42] [43] and control adhesive surfaces. [44, 45] We have demonstrated that reversible buckling of elastomeric beams may be employed for torsional soft actuators by applying negative pressure to an elastomeric structure made of interconnected cavities that reversibly deform, [33] and for linear actuators inspired by muscle. [34] Buckling instabilities and bending due to compressive in-plane stresses in 2D sheets may be used to generate 3D shapes. [38, [46] [47] [48] [49] [50] [51] [52] [53] These compressive stresses can result, for example, from swelling of an inhomogeneous hydrogel, [46] or from selective swelling of a homogeneous hydrogel using a mask. [47] With these approaches, however, it is difficult to control the final shape of the structures because the hydrogels can buckle to either side of the sheet. [47] This symmetry problem can be solved using bilayers in which one layer expands or contracts more than the other layer. In these systems, the structure of the bilayer controls the direction of bending, which provides a way to design desired shapes accurately (e.g., bistable and helical structures). [11, 54] Inspired by plants with shape-changing structures caused by anisotropic swelling of fibers, [24] bending of bilayers using anisotropic swelling has been demonstrated with hydrogels of different stiffness. [55] The bending deformation of a bilayer composed of two metals with different coefficients of thermal expansion has most frequently been used to measure temperature, [56] and bilayers consisting of one passive layer and one layer that responds to a stimulus have been used for actuators and robots. [21, 57, 58] Bilayers may also form 3D structures when materials with "mismatching" strain or internal stress are bonded to one another. For example, bonding a stretched elastomeric material to an unstretched elastomeric material will cause bending in the resulting bilayer due to residual stresses. [11, 30, 53, 54, 59] This concept has also been applied at the nanoscale: when two thin layers of materials with different lattice constants are deposited on a substrate, the bilayer "rolls" into a nanotube upon release from the substrate. [60] This paper demonstrates the fabrication of 3D structures by printing 2D polymer precursors, on prestrained elastomeric sheets. When the strained elastomers are released, they bend or buckle into 3D structures due to relaxation of strain in the stretched elastomeric sheets. This strategy-using initially 2D materials to fabricate 3D shapes-offers capabilities that complement more familiar fabrication techniques (molding, digital printing), in specific applications, for four reasons. (i) It provides a simple route to shapes with complex curves, suspended features, and internal cavities (without the use of sacrificial materials), features that are difficult to make by these techniques. (ii) It can be faster than techniques used for fabrication in three dimensions. (iii) It produces surfaces that can be smoother than those produced using layer-by-layer processing. (iv) It produces structures that can be deformed reversibly by reapplying strain, which can be used to fabricate more complex structures and actuators. This approach differs from prior work, in which strain relaxation formed buckled "popup" structures on flat elastomeric substrates, [53, 61, 62] in that the approach described here allows the entire composite structure, including the substrate, to be fabricated with positive or negative curvature.
We control the final shape of the elastomeric objects by controlling five parameters: (i) the magnitude and anisotropy of the stretching of the preformed elastomeric sheet and the shape of the sheet; (ii) the thickness of the deposited ink relative to the thickness of the elastomeric sheet; (iii) the pattern of the printed elastomeric ink; (iv) the pattern of adhesive and nonadhesive regions on the sheets; and (v) the mechanical properties of both the sheet and printed elastomers. To print the 2D designs on to stretched elastomers, we either used a TEVO Tarantula Prusa-i3 printer that we customized to print elastomeric silicone inks (Figures S1-S3, Supporting Information), or we printed the inks manually. To control the thickness of the printed lines, we extruded the elastomeric ink from bluntended needles with gauges that ranged from 14 (inner diameter: 1.54 mm) to 32 (inner diameter: 0.1 mm). To control the speed of printing, we changed the value of the lateral translation speed of the printer head; we used values that ranged from 5 to 30 mm s −1 . Unless otherwise noted, we used Dragon Skin 10 SLOW to make the sheets, strips, and elastomeric inks. We derive a model to describe the bending of the bilayer, and illustrate the fabrication of elastomeric helices, structures inspired by cubes and tables, and soft grippers.
We first studied the bending behavior of hyperelastic bistrips because they provide a simple and idealized model to study the bending of elastic systems. These bistrips consist of two elastic strips of different lengths (Figure 1) . The shorter strip (labeled 1 in Figure 1a ) of length L 1 is longitudinally stretched to match the length of the longer strip (labeled 2 in Figure 1a ) of length L 2 (i.e., stretch (λ p ) = L 2 /L 1 ), and the longer strip is attached to the shorter strip at their interface. Upon release, the bistrip bends to minimize its elastic energy. In the final state, the shorter strip is under tensional stress and the longer strip under compressive stress. Although hyperelastic bistrips have been studied extensively, all previously reported hyperelastic bistrip systems have been fabricated by gluing together two preformed elastomers. [11, 30, 54, 59] We fabricated the bistrips by stretching the shorter strip, and then we extruded uncured elastomer onto the stretched strip (Figure 1b) , which, after curing, forms the longer strip-a process that is compatible with 2D printing techniques. After curing the elastomer, we release the bistrip to allow it to curl into the final shape (Figure 1b) . Unlike bistrips formed from two different materials, this method allows the curvature to be independent of temperature, because both layers are the same material.
We used silicone elastomer strips with width W 1 = 5 mm, and thickness t 1 = 2 mm. We stretched these strips by six different stretches (λ p = 1.0, 1.1, 1.3, 1.5, 1.8, and 2.4). On the stretched strips, we deposited, using a modified 3D-printer, a layer of elastomeric precursor composed of the same material (thickness t 2 = 0.2, 0.4, and 0.6 mm). We cured the www.advmattechnol.de bistrip at 80 °C for 3 min. Figure 1c shows photographic images of the curved bistrips obtained with t 2 = 0.6 mm and different values of λ p . For λ p = 1 (i.e., the elastomeric strip was not stretched), the bistrip did not curl. With increasing λ p , the radius of curvature (R) of the final structures decreased to R = 1.5 mm when λ p = 2.5. The thickness of the printed elastomer can also be used to control the magnitude of the resulting curvature. Thinner printed layers led to larger values of R at the same stretch ( Figure 1d and Table S1 , Supporting Information), because the constraint on the deformation of the first strip was smaller.
To understand the mechanical behavior of the bistrip, we developed a simple model. When the width, and the material of both strips are the same, the radius of curvature depends only on the thicknesses of the two layers (t 1 and t 2 , mm) and the stretch (λ p = L 2 /L 1 ). In this case, the radius of curvature of the bilayer can be described with a function g that only depends on two nondimensional parameters (Equation (1))
Based on these parameters, we modeled the bistrip as an Euler-Bernoulli beam using the hyperelastic, incompressible neo-Hookean material model. [63, 64] The function g cannot be obtained analytically. To obtain R we therefore minimized the energy of deformation of the entire structure numerically (see Figure S4 and the Supporting Information for a detailed description of the model). The values predicted by the model are in excellent agreement with the values we obtained from our experiments (Figure 1d ). When the bistrips are the same material, this model relies solely on geometrical parame ters, and may therefore be used to design 3D structures with accurate prediction of the final shape.
We can form helices if the circumference of the curved bistrip is smaller than the deformed length of the strip (L 1 ). When this condition is satisfied, joining a stretched elastic strip side-by-side to another elastic strip and releasing it will spontaneously form periodic helical sections of alternating chirality that are separated by perversions (a type of structure that has also been referred to as a hemihelix). [11, 30] A continuous helix can, alternatively, be formed if one of the ends of the bistrip is twisted after it is released from the support. [11] We examined if bistrips that are formed from printing an elastomer onto a stretched elastomeric strip could generate these structures.
We fabricated both elastomeric helices and hemihelices by printing on stretched elastomeric strips (Figure 2) . Upon releasing the bistrip, it compressed and twisted out of plane to minimize its energy, and thus coiled into a helix. We tuned the radius of curvature (R) by changing the stretch (larger λ p = smaller R) and the thickness of the printed elastomer. Figure 2d shows a plot of the load (N) as a function of elongation (mm) for the two configurations. For the hemihelical configuration, which also exhibits elastic behavior, there is a conformational transition at 0.36 N between the coiled and the straight geometries of the hemihelix. This transition translates to a change in the slope of the curve (at the kink) indicating a stiffening of the structure (the transition is more gradual for the helical configuration). Because the helices and hemihelices are made of elastomeric materials, they Strip 1 (pink) of initial length L 1 , and thickness t 1 , is stretched to a final length of λ p L 1 (middle), and attached to strip 2 (white). Strip 2 has uncompressed dimensions of length L 2 = λ p L 1 , and thickness t 2 . Upon release, the bilayer curves to minimize its energy (right). b) Illustration depicting the method used to fabricate a bistrip in this work: (i) an elastomeric strip (ink) was printed on a strained elastomeric strip; (ii) the printed strip was cured; and (iii) the bistrip was released, and curved spontaneously. c) Photographic images of curved bilayer structures obtained by fabricating bistrips at six different values of λ p . The bistrips had a value of t 1 of 2 mm and a value of t 2 of 0.6 mm. The bistrips with values of λ p of 1.5, 1.8, and 2. (n = 7 measurements). λ p is the stretch (λ p = L 2 /L 1 ), t 1 is the thickness of the stretched elastomer prior to stretching, t 2 is the thickness of the printed elastomer after curing.
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can sustain large deformations without damage, that is, the springs will return to their initial conformation even after being stretched completely into a linear geometry (Figure 2b ,c and the Supporting Information for materials properties). We repeated this stretch/release cycle 1000 times, and measured the stressstrain curves of the springs. The materials did not show signs of degradation ( Figure S5 , Supporting Information).
We can extend this fabrication technique from 1D strips to 2D sheets. 3D structures, such as arcs and waves, have been made using strain relaxation of 2D sheets; [53, 61] these structures, however, do not incorporate the 2D sheet in their final 3D form, due, in part, to large differences in the thickness of the two layers. Because the approach described here uses a base layer and a printed layer that have the same elastic modulus (as they are made from the same elastomer) and thicknesses that are on the same order of magnitude, this approach can be used to fabricate structures in which the entire composite material has a curvature. Figure 3 shows the fabrication of a structure topographically similar to a cube. The 2D elastomeric sheet was cut into a planar representation of a cube. Using a custom-built support, we stretched the sheet in perpendicular directions. As with the bistrip model system (Figure 1) , the final curvatures of the hinges of the cube depend on the amount of stretching imposed on the elastomeric sheet (for this cube, λ p = 1.2). Using a stencil, we printed the elastomeric lines with a t 2 of 2 mm, L 2 of 15 mm, and width (W 2 ) of 5 mm, onto the stretched 2D sheet and allowed the printed strips to cure. After releasing the structure from the support and placing it in a water bath (to reduce friction, and to minimize the effect of gravity), we obtained an object with roughly cubical shape. Figure 4 shows another proof-of-concept demonstration, the fabrication of an elastomeric "table." We fabricated the table using the same support and similar design process used to form the cube. For this structure, four sets of elastomeric lines were printed perpendicular to each other, one set of lines formed hinges at the base of the legs of the "table" (t 2 = 2 mm, L 2 = 10 mm, and W 2 = 5 mm) and the other set of lines formed curled substructures that serve as the "legs" (t 2 = 2 mm, L 2 = 100 mm, and W 2 = 5 mm). The amount of bending of the hinges and the legs of the table was determined by the stretch (for this table, λ p = 1.5). The table in this demonstration weighted 18 g and could support 200 g (Figure 4c ).
Inspired by a shape-morphing carnivorous plant, Dionaea muscipula (commonly known as Venus flytrap), we designed and fabricated grippers ( Figure 5 ) that-given that the material is soft-are able to conform to complex, fragile asymmetric shapes (in these examples the forms were two cherries, and a Madagascar hissing cockroach-chosen because it is a living insect that is remarkably passive physically).
We made this gripper in four steps. (i) We stretched an elastomer sheet. The sheet shown in Figure 5a has dimension of t 1 = 2 mm, W 1 = 35 mm, and L 1 = 60 mm. The sheet was stretched in an axial direction (for this gripper, λ p = 2.4).
(ii) We printed elastomeric lines of t 2 = 0.4 mm and W 2 = 2 mm. (iii) The lines were cured at 80 °C on the printer build-bed. (iv) To obtain the gripper, we released the flat sheet. Unlike the previous demonstrations where the bilayer bends away from the printed lines, here the sheet bends toward the printed lines. This difference reflects the fact that when we stretched the sheet axially in step (i), it contracted perpendicular to the direction of stretch. Because the printed lines were almost perpendicular to the stretching direction, layer 1 was compressed (instead of stretched) in the direction the lines were printed.
The gripper opens and closes by pulling (and releasing) the gripper in the direction of strain using a handle to which the gripper is attached. This gripper is able to conform to asymmetric shapes and can pick up multiple objects simultaneously. Figure 5c ,d shows photographic images of the same gripper picking up two cherries that weighed 12 and 13 g each, and a live cockroach. These examples demonstrate that the gripper is adaptable to different geometrical conformations, and that it is compatible with delicate objects: it did not damage the cherries or the cockroach. To tune the strength of the gripper, we employed different materials to fabricate the sheet and the extensions (the "fingers") of the elastomeric material. As summarized in Table S2 (Supporting Information), the grippers can lift objects of different shapes and sizes, such as flowers, stainless steel spheres, and glass vials.
Recently, Wang and co-workers reported the fabrication of "pop-up" structures on a planar elastomeric textile substrate (Spandex) using a process that includes selective bonding and relaxation of strain in the substrate. [53] We have used the approach described in this work to fabricate similar "pop-up" structures with the characteristic that the ink and elastomeric sheet are not continuously attached. Specifically, we use a release agent and prepatterning of the stretched sheet to define regions where the ink, once it is cured, will and will not adhere to the strained sheet. Figure S6 (Supporting Information) shows an example of the fabrication of a buckled eight-petal structure that we made in five steps. (i) Using a custom-built support, we uniformly stretched a circular elastomeric sheet to obtain a value of λ p = 1.7. This sheet measured 2 mm in thickness, and 100 mm in diameter before stretching. (ii) Onto this stretched sheet, we placed a mask to define eight points of adhesion, and covered the protected sheet with mold release (Ease Release 200). This action generated regions of "protected" surface where the ink could not adhere, and regions of "unprotected" surface where the ink could adhere. The positions coated in mold release were small (5 mm × 5 mm) in order to minimize bending of the elastomeric sheet after it was released. (iii) We printed a circular pattern, which coated both the "protected" and "unprotected" regions. (iv) We cured the ink by heating the support to 80 °C. (v) Upon releasing the sheet, an eight-petal pattern was formed.
Expanding on the technique of patterning regions of adhesion and nonadhesion using a release agent, we fabricated a pneumatic gripper with a three-finger design (Figure 6 ). Grippers made from elastomeric material and actuated pneumatically ; (ii) the sheet was stretched using a support; (iii) an elastomer ink was printed on the stretched sheet; (iv) the sheet was released generating the 3D structure (a "table"). Photographic images showing b) the top of the "table," and c) the "table" supporting a plastic petri dish and a 200 g weight.
have previously been shown to close in the activated state (i.e., when pressurized); [65] this gripper, however, is closed in the relaxed state and opens when activated. Figure 6a shows the process used to fabricate this gripper. Here, an elastomeric sheet (2 mm thick), cut in a 2D representation of the threefinger gripper, was stretched on a support to obtain a value of λ p = 1.5. The edges of the sheet were covered with a mask to protect the outermost surface of the sheet, and mold release was coated on the exposed surface of the stretched elastomer. The mask was removed and uncured elastomer was applied on both the protected and unprotected areas, within a stencil, which was used to obtain a top layer with a consistent height of 1.5 mm. The top layer was cured, released from the support, and a tube was inserted into the center of the gripper to fill the air compartments that were formed at the positions where the mold release was applied. The gripper could pick up objects with a variety of different shapes, including a ping-pong ball, a glass beaker containing two rubber balls (weighing a total of 45 g), and a plastic cup containing five rubber balls (weighing a total of 69 g).
In summary, we have demonstrated a simple strategy for the design and rapid fabrication of nonplanar (3D) structures starting from strained planar (2D) elastomeric strips or sheets. We obtain these structures using a printer that was customized to print elastomeric polymeric features (threads, lines, and rectangles) instead of printing rigid thermoplastic polymers, or by manually printing these elastomeric inks onto stretched elastomeric sheets. We present a simple analytical model of the mechanics of bending induced by stretching, and show that we can control the bending by controlling the amount of strain and/or the thickness of the printed elastomer deposited on the strips and sheets. Although the structures that we fabricated to illustrate this work were composed of a single, commercially available elastomer, similar principles with different elastomers, or with composites of elastomers and sheets that bend but do not stretch can also be used. Optimization of material properties and thicknesses of the layers could enable more mechanically stable materials to be incorporated in this method.
Because this technique is compatible with 2D printing methods (digital printing, screen printing), and avoids the time-consuming multiple passes of printing required by standard 3D printing methods, it could be used to fabricate structures that are not compatible (or easily obtained) with layer-by-layer processing, and could also provide a relatively fast method of prototyping 3D objects. Through both the mechanically actuated and pneumatically actuated soft grippers, we show that this technique can be used in the fabrication of soft robots; in both of these demonstrations the bending of the bilayers, which was formed as a result of mismatched strain in the two elastomeric layers, was integral for actuation of the grippers. This technique can thus be adapted to a number of technologies that desire rapid printing and/or the fabrication of structures with compliant and reversible features. 
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Materials: All silicones and pigments were purchased from Smooth-On, Inc. To prepare elastomeric strips and sheets, Dragon Skin 10 SLOW (DS10) was used. To tune the material properties of the gripper, four elastomers (separately and in combination) with different mechanical properties (Shore hardness) were used: Dragon Skin 10 and 30, Ecoflex 00-30, and Smooth-Sil 960. These elastomers are platinum-catalyzed silicone rubbers, and adhere seamlessly to each other. To aid in the visualization of the bilayers, red and white pigments (Silc Pig) were added to the silicones of the stretched sheet and to the printed layer, respectively.
Fabrication of 3D Structures: A bistrip hyperelastic system that consisted of elastomeric strips of fixed width (5 mm) and thickness (2 mm), and of different initial lengths was prepared. Elastomeric sheets were formed that were 28 cm × 28 cm with a thickness of 2 mm. Elastomeric strips and sheets were cut using a laser cutter into defined 2D patterns. A custom-built support was made to stretch the cut strips and sheets. Values of stretch between 1.5 and 2.5 were chosen to maintain linear elastic performance of the elastomers (Figure 1d ). Onto these stretched strips and sheets, elastomeric ink (made of the same material as the stretched elastomer) was printed that acted as the second layer of the bilayer system (Figure 1 ). For the "pop-up" structure and pneumatic gripper, mold release (Ease Release 200) was used to define regions of nonbonding between the two layers. 2D designs were made using Adobe Illustrator, exported them to Inkscape (an open source software), and used Inkscape to generate GCode (a numerical control language that the printer can read).
Printer: A TEVO Tarantula Prusa-i3 printer customized to print elastomeric silicone inks was used ( Figures S1 and S2 , Supporting Information). This printer was chosen for four reasons: (i) It is based on the RepRap (replicating rapid prototyper) design, which is an open design project (i.e., all blueprints, and software produced by the RepRap project are released under a free licensing agreement). (ii) Both the software and hardware are easily customizable. (3) It is inexpensive (<$300 from 3dprintersonlinestore. com). (4) It is equipped with a heated print stage, which decreased the time required to cure the silicone elastomer. The printer is equipped with a thermoplastic extruder nozzle. As it is delivered, the types of structural thermoplastics that the printer can print are rigid, break when subjected to compressive force, and have poor adhesion to the stretched silicone elastomers that were used. To print elastomeric silicone inks, this extrusion nozzle was exchanged for a custom-built syringe pump that used a stepper motor (SparkFun, 39HY34-0404AL), which was compatible with the TEVO Tarantula motor controller, to move the plunger of the syringe. All 3D printed parts were printed in ABS using a Dimension Elite (StrataSys). CAD files used to fabricate the 3D printed parts ( Figure S3 , Supporting Information) are provided separately in the Supporting Information.
Adv. Mater. Technol. 2019, 4, 1800299 Figure 6 . a) Schematic representation of the fabrication steps of the pneumatically actuated gripper: (i) a flat elastomeric sheet (pink) was cut into a 2D base layer for the gripper and stretched using a support; (ii) the edges of the elastomer were covered using a mask, the exposed surface was covered with mold release (green), and the mask was removed; (iii) using a stencil, elastomeric ink (white) was printed on both the area coated with mold release and the area that was uncoated, and this elastomeric layer was cured; (iv) the resulting bilayer was released from the support, relaxation of strain in the bilayer caused the top layer to buckle at positions where mold release was applied, and these positions formed the pneumatic chamber. A tube was inserted in the center of the gripper to inflate it. The process is shown from two perspectives; the top view shows the process orthogonal to the surface of the sheet, and crosssection A-A shows a cross section of one of the legs of the sheet (demarcated by dashed lines in part (i)). b) Images of the gripper in the relaxed (closed) and activated (open) states. The gripper was actuated using a 60 mL polypropylene syringe as the source of pressure. Images show the gripper picking up objects with a variety of different shapes, including d) a ping-pong ball, e) a beaker containing two rubber balls, and f) a plastic cup containing five rubber balls.
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